The paper presents the comparison of experimental and calculated fatigue lives for EN AW-6082 T6 aluminium alloy. Hour-glass shaped specimens have been subjected to constant and variable amplitude uniaxial and multiaxial loadings, i.e. plane bending, torsion and their proportional combinations with zero mean values. Three multiaxial fatigue criteria based on the critical plane approach have been verified being the linear combination of shear and normal stresses on the critical plane. For the variable-amplitude loading, the rainflow cycle counting method and Palmgren-Miner hypothesis have been applied. The best fatigue criteria are pointed in the final conclusions.
Introduction
Numerous components of machines and devices work under variable operational loadings that may damage the component and interrupt the work process. The phenomenon of fatigue of materials and structures is a significant issue in many sectors of the industry. One of the research objectives on material fatigue is to identify a proper method of estimating the fatigue strength and life on the stage of design of structural elements. Literature of the subject offers numerous reports whose authors (Carpinteri and Walat and Łagoda, 2014) reviewed and verified multiaxial fatigue criteria. Among many multiaxial fatigue criteria, one group that is based on the determination of an equivalent stress in the critical plane can be distinguished as the group of increasing popularity. The popularity comes from a wide range of applicability and effectivenessof this approach. However, the critical plane approach still requires experimental validation. The main idea of the critical plane approach is reducing the multiaxial state of stress to the uniaxial (called equivalent) stress state by an appropriate fatigue hypothesis and critical plane orientation. The orientation of the critical plane and the location of fatigue failure plane are relative to the type of material used and loading conditions (Carpinteri et al., 2002; Walat and Łagoda, 2010) .
The main aim of this paper is verification of three multiaxial fatigue criteria based on the critical plane approach under multiaxial constant and variable-amplitude loadings of aluminium alloy EN AW-6082 T6 (PN-PA4).
Experimental research
The analysis has been conducted using the results of experimental studies under constant-and variable-amplitude loading of EN AW-6082 T6 aluminium alloy. The chemical composition of the alloy is provided in Table 1 . Basic mechanical parameters of the analysed material are listed in Table 2 . Cyclic properties of the analysed material are provided in Table 3 . Tests under constant-amplitude loadings have been performed using MZGS-100 fatigue test stand (Achtelik and Jamroz, 1982) , in which the electric engine drives the wheel, whose centre of mass is shifted with respect to axis of rotation (Fig. 1a) . The frequency of loading was equal to 28 Hz. The fatigue failure condition of specimen is increased of vibration amplitude by around 30%. Tests under variable-amplitude loadings were performed on a prototype test stand, in which the force was induced by an electromagnetic actuator (Fig. 1b) . In this case, the failure definition is total separation of specimen. The frequency of loading depending on the loading level) was in the range 5-10 Hz.
The tests were performed on smooth specimens of circular cross section with hour-glass shape, as illustrated in Fig. 2 .
In the case of the analysed constant-and variable amplitude loading, the samples were subjected to: (i) plane bending, (ii) plane bending with torsion and (iii) torsion. The results of fatigue tests of constant-amplitude bending and torsion are illustrated in the S-N diagram in a log-log scale plot (Fig. 3 ), according to ASTM (ASTM, 1999). The results show that the bending and torsion S-N curves are nearly parallel (m σ = 8.0 ≈ m τ = 7.7). In the case of analysis under variable-amplitude loading, the driving signal is a sinusoidal wave of variable amplitude. The control system randomly generated amplitudes of the driving force on the basis of the Rayleigh distribution. However, due to limited capacity of the test stand, the actual operational distribution differs from the generated one (Fig. 4c) . Figure 4 illustrates the specific loading characteristics of the given loading level, i.e.: (a) recorded force F ; (b) force F in the time range of 10 s< t <15 s; (c) histogram of amplitudes of the force F ; (d) standard deviation F a,std of force amplitudes. The parameters of variable amplitude loadings recalculated to parameters of nominal stresses on the assumption of the elastic strain range are presented in Table 4 . -maximum values of stress amplitudes for bending and torsion loadings, respectively. Exemplary photos of the fracture surface are shown in Fig. 5 . Figure 6 illustrates the scheme for estimating the fatigue life used in the calculations. The first block refers to calculating components of stress for the high cyclic fatigue regime (HCF) (elastic strain range). The next step involves determination of the critical plane orientation on which all the stress tensor components are transformed. The specified critical plane orientation depends on the selected fatigue criterion.
The algorithm of fatigue life evaluation
Calculations have been done (step 3) using three multiaxial fatigue criteria, based on the critical plane concept. The coefficients in the formulas for equivalent stress are calculated according where B, K are constants used for selection of specific form of the equivalent stress (Łagoda and Ogonowski, 2005) , σ η (t), τ ηs (t) are, respectively, the normal and shear stresses in the selected plane. Depending on the plane orientation, the following are applied in the study:
C1 -criterion in the maximum normal stress plane, for which B is the constant dependent on the material type, and K = 1;
C2 -criterion in the maximum shear stress plane, for which B is the ratio of fatigue limits for bending and torsion limits σ af /τ af , and K = 2 − B;
C3 -criterion in the plane rotated in respect to direction of maximum normal stress proposed by Carpinteri and Spagnoli (2001) , for which
If the idea proposed by Carpinteri is used, the orientation of the critical plane will depend on the fatigue limits ratio and be inclined against the maximum normal stress plane by the angle
For the variable-amplitude loading, the next step involves calculation of cycles and half-cycles. This is done with the rainflow-counting algorithm developed by Dowling (1972) . The fatigue damage degree is determined only for the variable-amplitude loading using the Palmgren--Miner linear damage hypothesis, according to which the degree of damage S(T 0 ) over the observation time T 0 of the equivalent stress is calculated as follows
where S(T 0 ) is the degree of damage of the material over time T 0 according to Palmgren-Miner hypothesis, T 0 -observation time, k -number of class intervals of the amplitude histogram (i < k), a -coefficient that allows including amplitudes below σ af , N 0 -number of cycles corresponding to the theoretical fatigue limit σ af (N 0 = 2 · 10 6 ), n i -number of cycles with σ eqa,i equivalent stress amplitude (two identical half-cycles form one cycle, and one half-cycle equals half damage corresponding to the full cycle). Following the determination of the degree of damage S(T 0 ) according to formula (3.4), the next step for the algorithm is the calculation of the fatigue life
In the case of cyclic loadings, the fatigue life is calculated using Basquin's law ( 
Verification of the proposed criterion
Figures 7-9 illustrate the comparison of the calculated and experimental number of cycles to failure with the use of the discussed method of calculation for constant-amplitude loadings. In the case of the criterion in maximum normal stress plane (C1) for proportional loading, B may take any value, since the shear stress value is 0. Analysing the results of calculation and experimental tests (Figs. 7-9 ), it is determined that for the material in question, the highest conformity of results would be achieved by using the criterion in the maximum shear stress plane (C2 criterion) and the criterion C3. Figures 10-13 illustrate the comparison of obtained calculation strengths with experimental strengths for the variable-amplitude loading, calculated for different values of the coefficient a, using Palmgren--Miner hypothesis, for a = 0.5 and a = 1, respectively.
Analysis of the obtained results
In order to assess the analysed criteria, the procedure proposed in ) has been applied, where the parameters of scatter between the experimental and calculation fatigue lives are calculated according to the following correlations 
where n is the number of samples collected for analysis. The final parameter for assessing the criterion is Table 5 lists the results of calculations of the parameter T for bending (experimental scatter with respect to the calculated characteristic (3.6)) and other forms of loading. 
Conclusions
On the basis of analysis of the experimental tests and performed calculations, the following conclusions have been formulated:
• If the criterion in the maximum normal stress plane (C1) is used, the calculated fatigue lives for aluminium alloy 6082 T6 will be incorrect.
• When the criterion in the maximum shear stress plane and the criterion (C3) are used, the calculated fatigue lives will approach the values of experimental ones for constant-and variable amplitude loadings. However, for both criteria, the determined scatter coefficient T is higher than the scatter in the experimental tests. For the constant-amplitude loading, higher conformity has been obtained by using the criterion in the maximum shear stress plane (C2), and for variable-amplitude loading the lowest scatter has been obtained by using the criterion (C3).
• For different values of the coefficient a in the Palmgren-Miner hypothesis, the results do not differ significantly. For coefficient a = 0.5, slightly better calculation results have been obtained.
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